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 This study was completed to address the problem of determining what effect 
selected cutting conditions have on tool wear and tool life in robotic sand milling (RSM) 
operations. The purpose of this study was to analyze the tool wear mechanisms and 
characteristics that govern the RSM process. The purpose was also to establish an 
experimental methodology that may be used in future studies to assess tool life when 
examining various tooling materials and designs, as well as additional sand workpiece 
materials. Completing this research allowed the machining process to be optimized by 
analyzing differences in tooling cost with variable values of the observed cutting 
conditions.  
 End milling paths were executed with a pre-determined selection of cutting 
conditions to remove material from a pre-formed block of silica sand bonded with the 
phenolic urethane no bake (PUNB) resin system. Twelve experimental trials were 
completed during the study which consisted of a variable feed rate and variable cutting 
speed series utilizing solid carbide and high-speed steel (HSS) cutting tool materials. 
Data collection for the experimental trials was conducted by measuring the observed 
width of flank wear present on the cutting edge of the cutting tool at each machining 
interval. The width of flank wear was determined by measuring the tool diameter with a 
digital micrometer, and monitoring the change in tool diameter.    
 The tool wear plot results showed that the HSS cutting tools reached the 
established flank wear limit in less than one minute of machining time, and the solid 
carbide cutting tools did not reach the flank wear limit after a minimum machining time 
of sixty minutes for both the feed rate and cutting speed experimental series. The 
observed tool life values for the HSS cutting tools ranged from 0.23 to 0.65 minutes 
based on cutting condition values used during the experimental trials. In comparison, the 
extrapolated tool life values for solid carbide ranged from 82.37 to 135.67 minutes using 
the same selection of cutting condition values during the experimental trials.  
The tooling cost analysis plots demonstrated that increasing the selected feed rate 
decreased tooling cost, and increasing the selected cutting speed increased tooling cost. 
The lowest tooling costs were observed to occur at a cutting speed of 1275 SFM and a 
feed rate of 300 in/min. It was also observed that solid carbide was significantly less 
expensive to use as a cutting tool material than HSS on the basis of cost/ft3 removed. 
Linear regression analysis found that cutting speed and cutting tool material type were 
considered to be statistically significant factors in the tooling cost analysis. Analysis of 
Covariance (ANCOVA) was used to determine that the parallel model was the preferred 
model, which indicates that the cutting tool material type categorical variable has a 
significant impact on tooling cost.      
 Abrasive wear was determined to be the primary tool wear mechanism in the 
RSM process, and flank wear was identified as the dominant tool wear failure mode. Tool 
wear was found to increase as the cutting conditions of feed rate and cutting speed 
increased. Cutting speed was identified as the cutting condition parameter with the 
greatest contribution to tool wear. Cutting tool material type was found to have the 
greatest impact on tool life of all the factors observed in this study, and solid carbide was 
determined to be a more suitable cutting tool material for RSM than HSS.     
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 The metal casting process is believed to be one of the oldest manufacturing 
methods utilized to produce finished metal parts. The origins of metal casting can be 
traced back in excess of 5,000 years; the oldest known casting in existence was cast in 
Mesopotamia around 3,200 B.C (Lessiter, 2015). This process continues to demonstrate 
its validity in the industrialized world as it is the second most popular method of metal 
part production, and metal castings are utilized in 90% of all manufactured goods 
throughout a variety of industries (Sahoo & Sahu, 2014).  
 The production of a casting with traditional molding methods requires the use of a 
pattern to make a cavity that will be used in the mold to form the casting. The 
development of pattern tooling requires a substantial investment due to the cost and time 
requirement. Such an investment has been combatted with rapid prototyping techniques 
which utilize advanced and additive manufacturing technologies to decrease computer-
aided design (CAD) to casting lead times and cost implications. The increased acceptance 
of such technologies has helped support the advancement of the metal casting industry by 
producing castings in a more efficient manner. 
 One such rapid prototyping technology utilizes subtractive manufacturing by a 
means of robotic sand milling (RSM) to produce casting molds. The RSM process was 
established in 2002 when Ronald Gustafson patented a sand block machining method for 
the production of casting molds and cores (Lacalle et al., 2011). This process utilizes 
machining tools to remove the unnecessary sand grains from a previously molded and 
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chemically bonded block of sand (sand blank) to create the desired casting geometry. 
Similarly to three-dimensional sand printing (3DSP), RSM does not require positive draft 
to be present in sand casting molds because pattern tooling is not required. The process of 
chemically bonding sand grains utilizes a polymeric resin to coat and hold the sand grains 
in place. This process is more commonly referred to as the no bake sand molding method 
(Sahoo & Sahu, 2014). 
 
 
Figure 1. Image of an RSM operation. 
Reproduced from Robotic Solutions Inc., 2013 
 
 The production of sand blanks can be achieved through any of the feasibly 
available traditional no bake molding processes. The utilization of traditional molding 
methods will typically result in superior physical property characteristics when compared 
to 3DSP. This is due to increases in tensile strength, hardness, and density of the molded 
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aggregate which are synonymous with traditional molding methods. The phenolic 
urethane no bake (PUNB) molding process is the most popular for the production of sand 
blanks. This process uses a three-part chemical bonding method to be mixed with the 
selected sand. A two-part; part one and part two, resin system is used. The resin content 
for this process is typically 0.8 to 1.5%, based on sand weight (BOS). The third part of 
the bonding system is an amine catalyst which is typically 2 to 10%, based on part one 
resin weight (BOP1) (HA International, LLC, 2013).      
RSM is functionally the same as the traditional milling process; however, the 
resulting machined chip geometry is substantially different. Traditional metal machining 
operations involve the use of cutting tools to remove undesired solid material from the 
workpiece in the form of chips. RSM operations do not form chips because the sand 
blank workpiece is inherently porous; the performed operations instead simply break the 
resin bonds which hold the sand grains in place to form the mold. The resulting chip 
geometry is the coated sand grains which are evacuated from the workpiece. These 
considerations allow for a greater material removal rate to be achieved during machining 
operations when compared to metal machining. 
Statement of the Problem 
What is the effect of cutting condition selection on tool wear and tool life in 
RSM? What is the expected tool life in RSM when using traditional end milling tools to 
machine a commercially available silica sand aggregate? What is the optimal selection of 
cutting conditions to use in RSM to facilitate extended tool life? 
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Statement of Purpose 
 The purpose of this research is to provide an understanding of the tool wear 
mechanisms and characteristics present during the execution of the RSM process. The 
identification and analysis of existing tool wear mechanisms will provide experimental 
information in an effort to predict the associated tooling cost during mold production. 
Additionally, the completion of this research will facilitate the optimization of tool 
material selection and machine cutting condition settings. 
Purpose of the Study 
 The purpose of this study is to establish an experimental methodology which can 
be used to determine the long-term usefulness of various tooling designs and materials 
when exposed to a sand molding aggregate.    
Statement of Need and Justification 
As previously mentioned, the use of RSM as a molding method is a relatively new 
application of the milling process. A low utilization rate of this technology application 
currently exists within the foundry industry; approximately ten foundries throughout the 
United States operate such machinery. This has resulted in a limited amount of research 
and development, as well as available information regarding the topic. The completion of 
this research provides a means to optimize the machining process through the extension 
of tool life and reduction of required machine cycle time. Such actions would decrease 
mold production costs and encourage the adoption of RSM technology within the foundry 
industry.    
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Hypothesis and Research Questions 
What is the expected tool life length of traditional machining tools in RSM? 
1. What is the primary tool wear mechanism and dominant failure mode? 
2. How does cutting condition and tool material selection affect tool life length in 
RSM?  
3. Which observed individual parameter has the greatest contribution to tool wear?  
4. What is the recommended combination of cutting conditions to optimize tool life? 
Assumptions 
 Several assumptions have been established for this topic due to the nature of the 
proposed research. The sand aggregate mixture used to produce the sand blocks utilized 
in this study is assumed to be representative of the commercially available sand. It is 
assumed that any variation in the physical property characteristics of the produced sand 
blocks is insignificant in its contribution to tool wear. Bonded sand grains are brittle in 
nature, and their removal during the milling process is assumed to occur as a result of a 
polymeric failure mechanism. Tool temperature during milling is also not considered to 
be a contributing factor to tool wear for the duration of this study.     
Limitations 
 The applicability of the proposed research will be limited to the specific set of 
materials used in the completion of this study due to the limited amount of previously 
conducted research regarding the topic. The results of the research may only be directly 
applied to the end milling of PUNB bonded silica sand with uncoated high-speed steel 
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and carbide tools. Various equipment types will be utilized as measurement instruments 
during the study. The gathered data will be subject to the capabilities of the measurement 
equipment in terms of dimensional accuracy and repeatability.       
Definition of Terms 
Abrasion – The displacement and/or detachment of metallic particles from a surface 
exposure to flowing solids. 
Cavity – The impression in a mold that gives the casting its shape. 
Chemically Bonded Sand – A sand mixture which utilizes chemical binders to employ 
polymeric and chemical glues to surround and hold the sand grains in place.  
Chip – A displaced portion of the work material which interferes with the free passage of 
the cutting tool. 
Core – A component of a sand mold which forms openings and various shaped cavities in 
the castings.   
Cutting Speed – The speed at which the outside diameter of the cutting tool rotates during 
machining. 
Cutting Condition – A dimension of the machining process used in the calculation of the 
material removal rate.  
Depth of Cut – The penetration of the cutting tool below the original work surface. 
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Grain Fineness Number (GFN) – A system developed by the American Foundry Society 
for expressing the average grain size of a given sand.  
Hardness – The resistance of a material to permanent indentation. 
Feed – The lateral motion of the cutting tool across the work material.  
Flank Wear – Tool wear occurring on the flank of the tool below the cutting edge. 
Flute – The deep helical grooves present adjacent to the cutting edge of the milling cutter 
which allow for chip formation and evacuation.   
Foundry – A facility which melts and pours metals and alloys into castings.  
Machining – A manufacturing process in which a sharp cutting tool is used to cut away 
material to leave the desired part shape. 
Milling – The machining process which slowly feeds a tool with multiple cutting edges 
across the work material to generate a plane or straight surface.  
Mold – The sand material which contains the cavity into which molten metal is poured to 
produce a casting. 
Pattern – The shape used to form the cavity in the sand mold. 
Permeability – A sand’s ability to allow air and gases to pass through the sand grains and 
exit the mold. 
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Phenolic Urethane No Bake – A three-part chemically bonded resin system used in the 
production of sand molds. 
Resin – A chemical binder used to produce casting molds or cores. 
Spindle – A motorized device used to rotate cutting tools during machining operations. 
Scratch Hardness – The resistance of a material to scratching and wear. 
Tensile Strength – The maximum load a material is able to withstand prior to fracture. 
Tool or Tooling – The implements used to hold, cut, shape, or deform the work materials. 
Tool Life – The cutting time to reach a predetermined amount of wear. 
Tool Wear – The breakdown and gradual failure of a cutting tool due to regular operation. 
Width of Cut or Stepover – The distance a tool is stepping over into a workpiece. 
Work or Workpiece – A piece of raw material that is in the process of being formed into a 




REVIEW OF LITERATURE 
Metal Casting Molds 
Purposes of a Metal Casting Mold 
 In its simplest terms, the purpose of a metal casting mold is to contain a given 
volume of molten metal in a specific shape until it has solidified. At this point the casting 
may be removed from the mold without the risk of casting deformation or defects. 
Casting molds have many other purposes and characteristics which are not uniformly 
encountered with all of the available molding processes. Many considerations need to be 
made when selecting a molding process during the casting design and development stage 
which will impact the desired casting properties during production.  Each molding 
process has its own unique advantages and disadvantages. Process considerations such as 
surface finish quality, dimensional accuracy, production volume, and casting design 
requirements are examined when selecting a molding process.  
 Molding processes for casting production can be divided into two primary 
categories known as permanent and expendable. The main differences between these two 
categories are the materials used for the mold, and the frequency at which a new mold 
must be produced. The mold is destroyed once the casting is removed in the expendable 
process; this requires additional molds to be produced in order to manufacture subsequent 
castings. Permanent molds do not need to be destroyed after the completion of the casting 
process. The mold may be used again once the casting has solidified and been removed 
(Schleg, 2003). 
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 The expendable process can be further broken down into two categories which 
include the most molding methods in the foundry industry. These two categories can be 
referred to as green sand molding and chemically bonded sand molding. The green sand 
molding process uses a mixture of sand, clay, and water to produce the molding 
aggregate. The sand mixture is then compacted around the pattern with mechanical forces 
to mold the desired casting impression. This process is the most commonly used molding 
method for metal casting production. This is partially because green sand molding is 
often used for castings with high production requirements as a result of the ability to 
easily re-use the sand mixture for future casting production.  
The chemically bonded sand molding process conversely uses a mixture of sand, 
polymeric chemical binders, and a gas or liquid catalyst as necessary to produce the sand 
mixture (Sahoo & Sahu, 2014). The sand mixture is then packed around the pattern to 
mold the desired casting impression. Unlike green sand where compaction allows the 
mixture to hold its shape, the chemically bonded process coats the sand grains with 
chemical binders which harden and allow the mixture to maintain its shape after pattern 
removal. The chemically bonded process is not used as commonly as green sand for high 
production parts because mold production rates are limited to the time required for the 
sand mixture to fully cure.          
Sand Aggregate Qualification Characteristics 
 There are many sand aggregates and molding processes which are available to a 
foundry for use in casting production. Certain basic characteristics of sand molds are 
universally desired regardless of the process considerations that determine which sand 
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aggregate and molding process is chosen. The absence of these desired characteristics 
will likely lead to poor mold quality, which in some cases may be correlated to poor 
casting quality and an uncontrolled manufacturing process.  
Screen Distribution and Grain Fineness Number 
 The sand aggregate used in sand mold mixtures regardless of sand type is 
considered porous, and may also be considered rather irregular in nature. This irregularity 
is due to the size of the sand grains in the molding mixture. A sand aggregate inherently 
does not contain sand grains which are a single, uniform diameter. Many sand aggregates 
contain a wide range of grain sizes which make up the distribution and average grain size, 
or grain fineness number (GFN). GFN is a standard developed by the American Foundry 
Society (AFS) which provides a quantitative representation of the average grain size of a 
sand sample (najieyuya, 2010). The utilization of both coarse and fine grain sizes more 
easily allows the number of large porous void spaces present in a sand mold to be 
reduced, thus increasing surface finish and decreasing permeability. Such large porous 
areas would be more prevalent in sand molds if an aggregate contained a single grain 
size. 
 Screen distribution and GFN data is typically collected by performing the sieve 
analysis procedure. This procedure requires a representative sample of a sand aggregate 
to be passed through a series of ten progressively finer screens (najieyuya, 2010). The 
weight and percentage of sand retained on each screen is then tabulated and graphically 
represented in a histogram to illustrate the distribution of sand grain sizes. GFN is then 
determined by multiplying the sand percent weight retained on each screen by a factor 
12 
representative of surface area, and finding the sum of the product values. An ideal 
distribution will contain greater than 10% retained sand in three to four screens. These 
sands are known as three to four screen sands. 
 







Retained GFN Multiplier 
AFS 
GFN 
20 0 0  0 30 0.017 0.03 0.2 0.01 
40 6.109 10.64 0.3 3.19 
45 11.453 19.95 0.4 7.98 
70 31.048 54.08 0.5 27.04 
100 6.938 12.08 0.7 8.46 
140 1.64 2.86 1 2.86 
200 0.202 0.35 1.4 0.49 
270 0.007 0.01 2 0.02 
Pan 0 0 3 0 





Figure 2. An example of a bell-curve screen distribution comparison for various sand 
types. 
 
 GFN does provide an overall view of a sand’s distribution profile; however, it 
must be accompanied with the screen distribution data in order to provide a full depiction 
of sand distribution. This is due to the fact that GFN simply measures the average grain 
diameter of the entire sample. As a result, two sands with significantly different 
distributions may have a similar GFN. This can be seen through a high concentration of 
fine and coarse sand grains as opposed to a normal distribution.  
Grain Shape 
 Another key characteristic to consider when choosing a sand aggregate is the 
shape of the sand grains; four main grain shapes exist which are depicted in figure 3. 
Each of the various sand types present different desirable attributes for certain 
applications such as increased permeability in the case of round grain sands. Inversely, 




























strength values (Sahoo & Sahu, 2014). Grain shape also is a factor for determining the 
surface area of a sand aggregate. As an example, angular sand grains possess a higher 
surface area than round grains which is partially a result of the different grain shapes. 
Sand with a high surface area will consequently require additional amounts of chemical 
resins in the sand mixture to fully coat the sand grains. 
 
 
(a)                              (b)                                (c)                              (d)            
Figure 3. The four primary grain shape classifications of (a) angular, (b) rounded,          
(c) subangular, and (d) compound. 
Reproduced from Sahoo & Sahu, 2014 
 
Acid Demand Value 
 The chemical composition of a sand aggregate is a significant characteristic that 
should be examined when determining an appropriate sand mold material. A sand with 
improper chemical composition may cause process difficulties and inefficiencies. The 
acid demand value (ADV) test is commonly used in the foundry industry as a method to 
assess the chemical composition of a sand and monitor any variance in sand properties 
upon shipment receipt. The performance of the ADV test determines the acidity or 
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basicity of a sand and is also able to detect the presence of impurities (Schleg, 2003). 
This test is particularly useful when determining a sand’s compatibility with a particular 
catalyst and chemical binder system. Sands with a high ADV will experience a decreased 
curing rate, or the mixture will not be able to cure due to the presence of basic 
components. Such a scenario may require the use of a stronger catalyst to neutralize the 
basic components, thus allowing the sand to be utilized. 
Loss-on-Ignition 
 A sand aggregate must be able to adequately withstand the stresses encountered 
when the sand mold mixture is subjected to the high temperatures experienced during the 
casting process. Certain materials present in a sand mold are combustible and will 
disintegrate in the presence of elevated temperature for an extended period of time. The 
loss-on-ignition (LOI) test is a common foundry practice to determine the amount of 
combustible and organic materials present in the sand molding mixture. This test can be 
utilized to monitor the concentration of combustible materials within a specified 
tolerance for virgin or processed sands in a variety of systems such as green sand or 
chemically bonded sand.  
 The LOI test procedure involves using a balance scale to measure the change in 
weight of a representative sand sample. The sand sample weight is recorded before and 
after being placed in an oven at 982°C (1,800°F) for a period of two hours; this is also 
known as firing the sample. The sample is then placed in a desiccator and allowed to cool 
to room temperature. The sample weight after firing is compared to its initial weight as 
percent change in weight. Weight losses can commonly be attributed to the volatilization 
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of organics, removal of chemically bound water, and dissociation of inorganic 
compounds (AFS, 2015). Any weight gain of the sample suggests an oxidation of 
materials present in the sample. 
Silica Sand as a Molding Aggregate 
 Silica sand is one of the most popular molding aggregates used within the foundry 
industry for the production of sand molds and cores. Silica sand is abundantly available 
and presents considerable cost effectiveness when compared to commonly used specialty 
sands such as chromite, olivine, and zircon (Nyembwe, Oyombo, Beer, & Tonder, 2016). 
Silica is commonly used for sand molds due to the fact that it is a naturally easy material 
to remove and process during the mining stage. This material is also able to be used as an 
aggregate for several molding methods and various chemically bonded resin systems.   
Silica sand deposits are located in a variety of areas throughout the U.S. and 
worldwide which contributes to its overall abundance. The majority of silica deposits 
throughout the U.S. are located in the Midwest; many foundries are also located in this 
region in an effort to minimize shipping costs. Various grades of silica sand are available 
to be used in foundry operations with various grain fineness standards and grain shapes. 
Silica sand is widely used due in part to such desirable properties as screen distribution, 
grain shape, refractoriness, and thermal expansion.  
Phenolic Urethane No Bake Resin System 
The use and application of the PUNB process has become increasingly popular 
within the metal casting industry since its introduction in 1970. This is a direct result of 
the several advantages of its application as part of the production of metal castings. The 
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advantages of the PUNB process include increased product applicability, high production 
capability, increased surface finish quality, and increased dimensional accuracy. 
However, there are also some present disadvantages such as increased molding 
production costs, sensitivity to moisture content, and potential for increased tooling wear. 
The PUNB process uses a three-part chemical bonding method to be mixed with 
the selected sand. A two-part; part one and part two, resin system is used. The 
components of this resin system consists of phenolic resin (part 1), MDI isocyanate (part 
2), and amine liquid catalyst (part 3). Combining parts 1 and 2 provides an exothermic 
reaction that forms the cross-linking mechanism necessary to form a solid polymer within 
the sand mixture. 
 The resin content of this system may vary for certain applications and different 
foundries; however, the resin content is often 0.8 to 1.5%, based on sand weight (BOS). 
The concentration of amine catalyst in PUNB molding mixtures will typically range from 
2 to 10%, based on part one resin weight (BOP1) (HA International, LLC, 2013). The 
amount of time required to remove the mold from the pattern can range from 30 seconds 
to 30 minutes (Sahoo & Sahu, 2014). A higher concentration of catalyst present in the 
molding mixture will decrease the time required to remove the mold from the pattern and 
increase productivity; however, this will reduce the amount of time the material is able to 
be manipulated before hardening. 
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Figure 4. Schematic of the chemical reaction which occurs during the PUNB process. 
Reproduced from Sahoo & Sahu, 2014 
 
Elements of Machining 
 The machining process is rather complex in nature due to the variety of inputs 
which can be crucial in the production of parts conforming to quality standards. Any 
machining process contains five elements which must be present to provide rigidity 
during material removal and successfully form the desired part shape. These required 
elements are the cutting tool, toolholder, workholder, workpiece, and machine (Nee, 
2010). Rigidity must be present so the process can withstand the forces present due to the 
nature of the machining process. The absence of satisfactory rigidity in any one of these 
elements may compromise the final part quality, and must be compensated for by the 
other four elements. 
 The machining process is also governed by the selected cutting conditions of 
cutting speed (Vc), feed (fr), depth of cut (DOC), and width of cut. These individual 
cutting conditions are used to calculate the material removal rate (MRR) of an application 
of the machining process. The MRR can be viewed in the majority of machining 
processes as the volume of material removed from the workpiece divided by the 
machining time (Tm) required to remove the specified volume of material (Black, Kohser, 
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& DeGarmo, 2012). The MRR for milling operations is shown in Equation 1 where W is 
the width of cut, d is the depth of cut, and fm is the feed rate. 
𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑊𝑊𝑊𝑊𝑓𝑓𝑚𝑚                (1) 
Cutting Tool Design 
 The proper execution of the machining process requires the consideration of the 
various inputs which affect the finished part quality. Each individual machining process 
additionally requires cutting tool design considerations due to the nature and differences 
of each individual process. Almost all cutting tools utilize sharp cutting edges and a 
material harder than the workpiece in an effort to shear and remove material while 
minimizing the amount of rubbing contact at the tool-workpiece interface (Nee, 2010).  
The number of cutting edges and shape of the cutting tool will vary between and within 
removal processes to address different application requirements with differences in tool 
geometry. This variance will affect aspects such as tool life length, workpiece surface 
finish, and the amount of force required to remove material from the workpiece.  
  Nearly all machining processes contain a few basic aspects of the tool geometry 
regardless of whether or not the shape of the tool is vastly different from one process to 
another. These basic aspects or components of tool geometry are known as the rake face, 
flank, rake angle, and relief (clearance) angle (Nee, 2010). The rake face of the tool is the 
surface which contacts and directs the flow of the newly formed chip according to the 
angle of the rake face. The other edge of the tool wedge is formed by a surface known as 
the flank, which is oriented at an angle relative to the workpiece in an effort to provide 
tool clearance. The rake angle determines the orientation of the rake face and thus the 
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flow of chips removed from the workpiece. This is the angle between the tool face and a 
line perpendicular to the cut workpiece surface. The relief angle determines the 




Figure 5. A cross-sectional view of the machining process. 
Reproduced from Groover, 2013 
 
Chip Formation 
 The chip formation portion of the machining process can be broken down using a 
simplified theoretical model which neglects certain aspects of the process in an effort to 
describe the mechanics of the process. This model is effective; however there are certain 
differences between the theoretical model and the actual machining process. In theory, 
chip formation occurs as a result of a shear deformation process which occurs on a plane 
that has no thickness. This statement would imply that the shearing action would occur 
instantaneously as it moves along the cutting plane. A more representative model of the 
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actual machining process states that the shear deformation process creates a thin shear 
zone which is only a few thousandths of an inch thick (Groover, 2013). The shear zone 
can thus be considered a shear plane in most machining operations despite the differences 
which are present when comparing the geometry of a shear plane to that of a shear zone.  
 Additional shear deformation is present after the formation of the chip which is 
referred to as secondary shear. Secondary shear occurs as a result of friction between the 
chip and the tool while it flows across the rake face of the tool (Groover, 2013). An 
increased thickness of the secondary shear zone will be present if the friction at the tool-
chip interface increases. Four basic types of chips may occur during the machining 
process; the formation of a certain chip type is highly dependent on the material 
classification of the workpiece and the cutting conditions employed during machining. 
The four basic chip types are discontinuous, continuous, continuous with built-up edge 




(a)                          (b)                            (c)                               (d) 
Figure 6. The four basic chip formation types in the machining process of                      
(a) discontinuous, (b) continuous, (c) continuous with built-up edge, and (d) serrated. 
Reproduced from Groover, 2013 
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Milling Operations 
 Milling is one of the most popular material removal operations used to complete 
required machining processes. The milling process inherently uses an interrupted cutting 
cycle due to the entrance and exodus of the mill tooth cutting edges during each 
revolution of the tool. All milling operations can be categorized into one of three basic 
groups which are known as peripheral (slab) milling, face milling, and end milling. 
Peripheral milling can be utilized for milling operations that possess open areas and 
profiles which can be formed by the cutting edges on the periphery diameter of the cutter. 
The tool rotates around the tool axis which is parallel to the surface being machined 
(Ersvik & Khalid, 2015). Each cutting edge will create an individual cut which forms a 
discontinuous chip.  
 Face milling proves to be an effective choice when milling flat surfaces on the 
workpiece which do not require a large DOC. The workpiece is primarily milled by the 
cutting edges present on the tool’s periphery surface; the workpiece is also milled by the 
tool’s rake face surface to a lesser degree. The primary difference between face milling 
and peripheral milling is that the milling tool’s axis of rotation is perpendicular to the 
surface of the machined workpiece. 
 The third basic group of milling operations is end milling. The diameter of an end 
milling cutter is typically less than the width of the workpiece; therefore, two or three 
surfaces may be milled simultaneously. The potential volume of material removed during 
a single cut by an end mill is restricted and dependent on the tool diameter and flute 
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length. The potential DOC and width of cut will be defined by the dimensions of these 
tool geometry parameters.         
Milling Cutter Rotation Direction 
The cutter rotation with respect to the feed direction of the work material may 
potentially impact the final quality of a milled part. This is not a major consideration in 
other processes such as turning due in large part to the natural intermittent cutting 
mechanism present in the milling process. There are two basic types of milling known as 
conventional and climb milling which process the work material through inherently 
different methods. Conventional (up) milling rotates the milling cutter opposite to the 
feed direction of the workpiece, and the cutting forces present push the tool away from 
the workpiece (Ersvik & Khalid, 2015). This milling method yields a zero chip thickness 
at the beginning of the individual cut which increases until the cut has been completed. 
This method requires a superior workholding design to maintain adequate workpiece 
location.  
The climb (down) milling method execution is significantly different because the 
milling cutter rotates in the same direction as the feed direction of the workpiece. The 
cutting forces present in climb milling pull the workpiece towards the milling cutter and 
increase tool engagement (Ersvik & Khalid, 2015). The change in feed direction results 
in a large chip thickness at the start of the cut which decreases in size until it yields a zero 
chip thickness when the cut is completed. The primary physical characteristic of climb 
milling is increased surface finish of the finished part. The feed direction and cutting 
motion in conventional milling evacuates the chips in front of the cutter, which causes a 
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portion of the chips to be cut several times. As a result, climb milling will typically yield 
a superior surface finish when compared with conventional milling.        
Milling Tool Material Qualification Characteristics 
   The selection of an appropriate milling tool is one of the primary factors which 
determines the functional and financial success of a milling process application. A wide 
variety of milling tools in terms of tool geometry and tool material are commercially 
available for use in various applications with a specific set of requirements. The selected 
style and requirements of an end mill depends on the complexity of the machining 
operation and the work materials to be processed. Certain basic characteristics of milling 
tools are required in the majority of milling applications that aid in the success of the 
operation; this is similar to the sand aggregate selection process. In general, a milling tool 
must be able to efficiently and effectively process the chosen work material without 
premature tool failure or processing unsatisfactory products which contribute to financial 
implications.    
Hardness 
 Hardness is one of the major factors when considering a material for use as a 
milling tool because it has an appreciable relation with scratch and wear resistance. 
Additionally, a correlation between the strength and hardness of tool materials often 
exists. Traditional metal machining operations also require milling tool materials which 
possess sufficient hot hardness; this is due to the elevated tool temperatures encountered 
during machining (Galimberti, 1968). Hot hardness is considered as a material’s ability to 
retain its hardness at an elevated temperature, which may be a result of the friction 
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present at high cutting speeds. Tool materials which do not possess sufficient hot 
hardness will be more susceptible to wear and deformation during machining.     
Toughness 
 Another major factor in the tool material selection process is toughness. A milling 
tool material must possess an adequate amount of toughness to be able to resist failure by 
a means of fracturing. Galimberti (1968) states that, “Toughness is the ability of a tool 
material to resist permanent deformation (elastic strength), to deform without fracturing 
(ductility), and to absorb shock without fracturing (impact strength).” Toughness can be 
further described as a combination of strength and ductility. Impact strength is of 
particular importance for a tool material because of the interrupted cutting cycle which is 
inherent in the milling process due to the use of multiple cutting edges.   
Wear Resistance  
 Wear resistance is potentially the most important characteristic of a milling tool 
material because it incorporates the other required material characteristics in an effort to 
reduce wear and increase tool life. As mentioned earlier, hardness is one of the major 
factors used in tool material selection. Tool materials require high hardness because it 
provides the best indication that a tool material will also effectively resist abrasive wear. 
However, hardness may not solely be used to predict wear resistance due to the other tool 
wear mechanisms which may be present during the machining operation. Additional 
material characteristics such as surface finish, chemical composition, and the use of a 




  The final tool material characteristic to be discussed is stiffness (rigidity). 
Stiffness can be considered a measurement of a material’s ability to resist deflection and 
elastic deformation when subjected to a load (Black et al., 2012). Stiffness is required 
during machining operations to combat the cutting forces experienced during the entrance 
and exit of a cut in order to sustain dimensional tolerances (Nee, 2010). Tool stiffness 
will also enhance the part geometry surface finish quality by reducing machining 
vibration which is more commonly known as chatter. 
Cutting Tool Materials 
 A nearly infinite number of commercially available tool material and coating 
combinations exist which may be used in milling applications as a result of the increasing 
number of feasible options. As mentioned earlier, the chosen material must meet the 
required physical characteristic criteria demanded by the application. A comparison of 
commercially available cutting tool materials is shown in table 2 and figure 7. This 
section will outline two of the commonly used milling tool materials. 
High-Speed Steel 
   High-speed steel (HSS) is a material which may be used at a high cutting speed 
when compared with conventional carbon tool steel. The cutting speed of conventional 
carbon tool steel should be approximately 50% of the recommended cutting speed for 
HSS. This is a result of the increased hardness of HSS which ranges from 63 to 65 on the 
Rockwell C scale for ordinary HSS. This material is able to maintain adequate hardness 
when subjected to temperatures lower than 1,000 °F (573°C), and may be re-sharpened 
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several times without compromising the hardness of the cutting edges (Oberg, Jones, 
Horton, Ryffel, & McCauley, 2016). The hardness of HSS may be further increased up to 
70 by the addition of certain alloying elements; HSS tools with this hardness level are 
referred to as superhigh-speed steels. 
   A variety of HSS grades and classifications exist which produce a varying 
degree of hardness and wear resistance. The two classifications of HSS grades are known 
as tungsten HSS and molybdenum HSS. Each HSS grade maintains a unique chemical 
composition which is determined by the addition levels of various alloying elements. The 
most common alloying elements are tungsten (W), molybdenum (Mo), chromium (Cr), 
vanadium (V), and cobalt (Co) (Oberg et al., 2016). As an example, the addition of cobalt 
will increase the hardness of the cutting tool which improves wear resistance. However, 
the addition of cobalt also makes the cutting tool more brittle which may lead to 
increased cutting edge chipping.  
Cemented Carbide 
 Cemented carbides are a specific cutting tool material class which is 
manufactured by utilizing powder metallurgy practices to sinter tungsten carbide (WC) 
with a Co binder to form a WC-Co compound. Other carbide compounds such as 
titanium carbide (TiC) or tantalum carbide (TaC) may be used for the material’s chemical 
composition, in addition to WC. Cemented carbide cutting tools were commercially 
introduced in 1927 (Oberg et al., 2016). The initial cutting tools were simply comprised 
of the basic WC-Co compound which could be used to effectively machine cast iron and 
non-ferrous materials with improved cutting performance. This compound experienced 
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premature tool failure when used to machine steel materials in the form of crater wear as 
a result of the chemical reaction between steel and the carbon present in the WC 
compound. The rate of wear during steel machining was significantly reduced when TiC 
and TaC compounds were added to the chemical composition of the cutting tool 
(Groover, 2013). As a result, cemented carbides can be classified into two primary 
categories: non-steel cutting grades comprised of straight tungsten carbide (WC-Co), and 
steel-cutting grades with additions of TiC and TaC.           
Cemented carbides are also referred to as sintered carbides, or carbides. This 
material possesses a higher hardness than HSS and may withstand cutting temperatures 
up to 1,400°F (760°C) (Oberg et al., 2016). Carbides have better wear resistance and 
more specifically abrasion resistance than HSS; this allows the use of higher cutting 
speeds which produce high surface finish quality. Consequently, carbides are more brittle 
in nature than HSS as a result of the increased hardness and wear resistance.    
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Table 2. A comparison of cutting tool material properties. 




Figure 7. A comparison of cutting tool hardness values on the Knoop scale. 





The performance of the machining process occurs in an environment which is 
naturally stressful for cutting tools due to the shearing action which takes place. Cutting 
tools will wear constantly during machining and a normal amount of gradual wear should 
be expected. There is no known material which can resist the cutting forces present in the 
machining process without wearing. Tool wear should not attract an excessive amount of 
attention unless the tool has reached its useful limit, or the wear rate is abnormally high. 
Experimental tool wear data can be organized into tool wear plots such as those shown in 




Figure 8. A typical tool wear plot using flank wear as a function of cutting time. 




 Wear present at the tool-chip interface can be caused by a variety of tool wear 
mechanisms which negatively affect tool performance. Abrasive wear is a common tool 
wear mechanism in machining operations as a result of rubbing actions at the tool-
workpiece interface. Abrasive wear is primarily caused by tool contact with hard particles 
in the workpiece material which gouge and dislodge portions of the tool’s cutting edge 
(Nee, 2010). The abrasive tool wear mechanism contributes to continuous wear in 
machining operations, and the rate of wear is dependent on multiple factors. Some of 
these factors include the hardness of the cutting tool and the workpiece, cutting condition 
selection, and the application of a cutting lubricant.     
Flank Wear 
 The two primary types of tool wear used to assess tool life are crater wear and 
flank wear. Flank wear is more commonly used as a means to measure tool wear because 
of the increased ease of measurement (Jeon & Kim, 1988). Flank wear occurs on the 
flank of the tool below the cutting edge, and is caused by the rubbing action at the tool-
workpiece interface. An abrasive action occurs in this type of wear as a result, and 
abrasive wear is the primary tool wear mechanism which causes flank wear. The cutting 
tool must be replaced once the amount of flank wear becomes large enough to 
compromise the integrity of the cutting edge. 
Tool Life 
 The primary method used for the assessment of tool wear, and the quality of 
cutting tool materials and cutting conditions in a machining application is tool life. The 
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ANSI/ASME B94.55M standard is used during tool wear experiments to specify the end 
of tool life as a predetermined amount of wear occurring on the flank of a tool (Oberg et 
al., 2016). The standard further defines that the flank cutting edge of the tool may be 
divided into three zones known as Zone C, N, and B as illustrated in figure 9. Two tool 
life criteria are normally recommended for determining the end of tool life through 
measurement of the tool wear present in Zone B. The maximum wear and end of tool life 
has been reached once the average width of flank wear (VBB) is equal to 0.3 millimeters 
(mm), if the wear is considered to be uniform. The end of tool life is also considered to be 
reached once the maximum width of flank wear (VBmax) is equal to 0.6 millimeters in the 
case of non-uniform wear (Astakhov, 2004).  
 Material selection has the greatest effect on tool life in most cases; however, 
cutting condition selection also has the ability to greatly affect tool life in a given 
machining application. In general, tool life will be shortened when the conditions of 
cutting speed, feed rate, and depth of cut are increased (Oberg et al., 2016). The tool life 
will proportionally be shortened by increased material removal through these cutting 
conditions. A reduction in tool life may not be of great concern in a practical machining 
application if the overall cost is reduced by the added benefit of increased productivity 
through shortened machining time cycles. Tool life experimental data must be collected 
to determine the optimal combination of cutting conditions in order to assess process 
efficiency. Furthermore, the impact on tool life listed from highest to lowest influence is 
cutting speed, feed rate, and depth of cut.  
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Figure 9. Flank wear characteristics according to the ANSI/ASME B94.55M standard. 
Reproduced from Astakhov, 2004 
 
Taylor Tool Life Equation 
The most important aspect of tool life is the ability to predict the theoretical life 
span of a tool. Tool wear plots such as the one shown in figure 8 can be plotted on a 
cutting speed vs. tool life log-log graph. The typical result is a negative linear relationship 
such as the one shown in Figure 10. This relationship can also be expressed as shown in 
equation 2 where v is the cutting speed, T is the tool life, n is the slope of the tool life 
curve, and C is the constant depending on feed rate, workpiece, and tool material (Ersvik 
& Khalid, 2015). This equation is referred to as the Taylor tool life equation, and is the 
most commonly used method to accurately predict tool life in machining.  
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Figure 10. Log-log graph of cutting speed vs. tool life for three Taylor tool life curves. 
Reproduced from Groover, 2013 
𝑣𝑣𝑇𝑇𝑛𝑛 = 𝐶𝐶                            (2) 
 
Published RSM Research 
Cutting Mechanism 
 The cutting mechanism involved in the milling of sand molds is inherently 
different than that of metal machining operations. The sand grains present at the selected 
cutting depth are contacted and compressed by one of the tool’s cutting edges. The 
compression of the sand grains subjects the sand binder bridge to shearing stress which is 
commonly encountered during the milling process. This shearing stress will fracture the 
sand binder bridge holding the sand grains in place once it has reached its critical 
bonding strength, and the sand grains will be evacuated from the workpiece at the 
fracture point by sliding along the cutting tool’s flute geometry (Dong, Li, Shan, & Liu, 
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2009). The cutting mechanism is able to exist in this manner because of the inherent 
porous workpiece structure. Such a workpiece structure reduces the cutting tool strain 





Figure 11. A schematic diagram of (a) the sand workpiece structure and (b) the sand 
milling cutting mechanism. 
Reproduced from Wang, Ma, & Yang, 2013 
 
Failure Mode and Wear Mechanism 
 The sand workpiece material used acts as a natural abrasive, and this process 
performs similarly to grinding. The continuous contact and shearing action with the sand 
material causes the dislocation of cutting tool material particles. The loss of cutting tool 
material occurs on the flank of the tool; the sharpness and integrity of the cutting edge 
will proportionally decrease as the width of the wear zone increases (Wang et al., 2013). 
This wearing effect of the tool geometry allows the identification of abrasive wear as the 
primary wear mechanism and flank wear as the dominant failure mode.  
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Tool Wear Patterns 
 Dong et al. (2009) observed tool wear patterns experienced in sand milling for 
various cutting tool materials. The study demonstrated abrasive wear and found that the 
greatest amount of wear occurred on the rake and flank edges while milling the sand 
material. The initial wear of HSS tooling occurred as flank wear which increased rapidly 
until it was unable to be controlled; this led to tool tip failure. Carbide tooling generated a 
triangular wear area which possessed a rounding of the tool tip. Polycrystalline diamond 
(PCD) tooling possessed the longest tool life and greatest wear resistance of the three 
observed tool materials. However, the impact associated with the intermittent cutting of 
the sand workpiece material led to micro-chipping on the tool’s cutting edge.  
 
 
Figure 12. Images demonstrating the observed wear patterns of HSS, carbide, and PCD 
tools from left to right. 
Reproduced from Dong et al., 2009  
 
Tool Life 
 The research produced by Lacalle et al. (2011) investigated the tool wear 
characteristics and tool life of HSS, carbide, and diamond coated tools when milling 
chemically bonded silica sand using pre-determined cutting conditions. The experiment 
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yielded similar results to the studies produced by Wang et al. (2013) and Dong et al. 
(2009). The tool wear results shown in figure 13 demonstrated that diamond coated tools 
are the most suitable material on account of its tool life length and resistance to abrasive 
wear. Carbide tools reached a maximum flank wear of 0.3 mm in approximately 50% of 
the time required for diamond coated tools. However, carbide tooling is also considered 
to be an appropriate material for use in sand milling. HSS was determined to be an 
inappropriate sand milling tool material under the assigned cutting conditions because of 
its poor abrasion resistance when compared with diamond coated and carbide tools. HSS 
tools reached the end of life in approximately 1% of the time required for carbide tools. 
 
 
Figure 13. Tool wear using different tools. 





 Linear regression is an analysis tool that uses gathered scatter plot data to develop 
a mathematical model in an attempt to explain the relationship between two or more 
observed variables during the completion of quantitative research. Linear regression 
involves an independent x variable and a dependent y variable. The prediction model 
presents the dependent variable as a linear function of the independent variable in order 
to establish a correlation relationship and develop a model which can be used to predict 
future values based on the currently available data (Ott & Longnecker, 2001). One 
assumption that must be met during linear regression analysis is that a linear model fits 
the dataset well. This assumption can also be referred to as the assumption of linearity. 
This assumption states that the slope of the prediction model does not change as the value 
of the independent variable increases.         
Analysis of Covariance 
Analysis of covariance (ANCOVA) is a statistical method which can be used to 
reduce the effect that independent covariates have on the outcome of the dependent 
variable. Covariates are generally considered to be the variables which can explain the 
differences in experimental units or conditions during regression analysis (Ott & 
Longnecker, 2001). This method can potentially be used to increase the precision of 
regression prediction models by observing factors that may have an impact on the 
outcome of the observed dependent variables. 
 ANCOVA generally consists of a multiple regression analysis which contains one 
or more quantitative independent variables, and at least one independent categorical 
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variable which is typically the focus of the analysis (Seltman, 2018). The collected 
dataset can be used to fit three individual linear models known as: separate, common, and 
parallel. The completion of F-statistic tests can then be used to determine which of the 
three models best fits the dataset. The preference of the separate or parallel models 
indicate that a significant difference in the outcome of the dependent variable exists when 
different levels of the categorical variable are used. This requires the development of a 







 The sand blanks used for this study were produced with a commercially available 
silica sand aggregate. The selected sand aggregate was a 55 GFN silica sand which was 
mined and washed in Wedron, Illinois. 
PUNB Resin System 
 A commercially available PUNB resin system was used for the production of the 
sand blanks used during this study. The utilized resin system consisted of phenolic resin, 
MDI isocyanate, and liquid amine catalyst.   
Cutting Tool Materials 
 Two cutting tool materials were selected to be used during the conducted trials. 
The selected cutting tool materials were uncoated high-speed steel and uncoated carbide. 
These cutting tool materials are commercially available for use in end milling operations.    
Machine Definition 
 The completion of experimental trials to identify the tool life of cutting tool 
materials in sand milling requires the use of appropriate machinery. This study will 
utilize robotic sand milling machinery as shown in figure 14 to execute the milling 
operations required to complete the tool life trials.  
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Figure 14. An image of the robotic sand milling machine with the defined axis coordinate 
system.        
 
Machining Design 
 Sand milling tool life trials were completed by executing longitudinal vertical end 
milling paths in the positive and negative X directions to remove material from a 
previously molded sand blank. The dimensions of the sand blanks used in this study were 
32” x 40” x 9” when measured from the parting line surface. The execution of end 
milling paths in such a manner utilized both climb and conventional milling cut 
directions during the completion of the trials. Any unbonded sand present on the 
machining surface of the sand blank was removed with compressed air prior to the start 
of each trial to eliminate any possible contribution to tool wear.  
Each tool life trial was executed under a pre-determined selection of cutting 
conditions. The cutting conditions used during this study were cutting speed, feed rate, 
depth of cut, and stepover. The tool diameter and cutting conditions of depth of cut and 





of cut used was 1 inch, and the stepover was 45% of the tool diameter or 0.450 inches. 
End milling paths completed during each trial removed a material volume of 1,280 cubic 
inches by milling the entire 32” x 40” area of the sand blank’s surface at the defined 
depth of cut. The material volume removed and machining time required for the 
completion of each trial depended on the selected tool material and cutting conditions.       
Experimental Factors 
 The three factors included in the experimental design were cutting tool material 
type, cutting speed, and feed rate. A tabulation of the three factors and associated values 
of the group levels is shown in table 3.  
 










1 Uncoated HSS 2550 300 
2 Uncoated Carbide 1700 225 
3 - 1275 150 
4 - 850 - 
 
Experimental Design 
 The experimental design used in this study featured two trial series to observe tool 
life at the proposed factors and group levels which are shown in tables 4 and 5. One 
series examined the differences in tool life with variations in feed rate and cutting tool 
material type, while the other series examined the differences in tool life with variations 
in cutting speed and cutting tool material type. Each trial series consisted of six 
experimental trials for a total of 12 trials between the two series. 
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Table 4. Tool life experimental trial series design with variable feed rate. 
 Factor 
Trial Number Cutting Tool Material Type Cutting Speed (SFM) Feed Rate (in/min) 
1 Uncoated HSS 1700 300 
2 Uncoated HSS 1700 225 
3 Uncoated HSS 1700 150 
4 Uncoated Carbide 1700 300 
5 Uncoated Carbide 1700 225 
6 Uncoated Carbide 1700 150 
 
Table 5. Tool life experimental trial series design with variable cutting speed. 
 Factor 
Trial Number Cutting Tool Material Type Cutting Speed (SFM) Feed Rate (in/min) 
1 Uncoated HSS 2550 300 
2 Uncoated HSS 1275 300 
3 Uncoated HSS 850 300 
4 Uncoated Carbide 2550 300 
5 Uncoated Carbide 1275 300 
6 Uncoated Carbide 850 300 
 
Data Collection 
 Data collection was conducted by measuring the width of flank wear on the 
cutting edge of the end mill cutting tool used during the tool life trial. 
Flank Wear 
The tool wear, and therefore tool life data was collected by measuring the 
observed width of flank wear present on the cutting edge of the end mill cutting tool at 
each machining interval. The flank wear present on the tool was identified by measuring 
the tool diameter with the digital micrometer present inside the robotic cell, which is 
shown in figure 15. Three tool diameter measurements were collected at each machining 
interval to ensure measurement precision and develop a mean tool diameter value. The 
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change in tool diameter between the current and previous machining intervals was used 
to determine the width of flank wear. Additional milling was not required once the flank 
wear reached 0.3 mm (0.0118 in.) because the tool reached its end of life. The machining 
time value at each machining interval was collected from the RSM machine’s tool 
information display.  
 
 
Figure 15. An image of the digital micrometer present inside the robotic cell.  
 
Data Analysis 
Tool Wear Plots 
 The data collected during the experimental trials was organized into tool wear 
plots to be used during data analysis. The collected data used a scatter plot with lines 
chart format to develop tool wear plots such as the one shown in figure 8. The tool wear 
plots presented flank wear as a function of machining time to determine tool life. Tool 
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life curves such as the one shown in figure 10 were developed by presenting cutting 
speed as a function of tool life. The tool life curve results were also applied to the Taylor 
tool life equation in an effort to assign values for the n and C parameters of the 
relationship. The parameter values were then able to be used to predict tool life for the 
RSM process.      
Tooling Cost Analysis 
 The collected tool wear data was used to develop a tooling cost analysis in order 
to optimize the overall cost of the RSM process. The tooling cost analysis bar charts 
presented cost/material volume removed as a function of the feed rate and cutting speed. 
The tooling cost analysis bar charts were then used to develop a linear regression analysis 
and ANCOVA. This analysis allowed the tooling cost of the examined cutting tool 
materials to be predicted when different cutting condition selections are used. The tooling 
cost analysis and tool wear data was jointly utilized to determine the optimal tool material 
and cutting condition selections for the optimization of tool life and process cost.      
Visual Analysis 
The cutting tools were qualitatively analyzed during the experimental trials in 
addition to the previously outlined methods. Visual analysis was used to assess the 
primary tool wear mechanisms and cutting edge failure methods present during the RSM 
process. Any significant tool wear observations which could not be detailed with the 




RESULTS AND DISCUSSION 
Visual Analysis 
 
Figure 16. An image of the cutting tool utilized during trial number one in the variable 




Figure 17. An image of the cutting tool utilized during trial number four in the variable 
cutting speed experimental series. 
 
 Figures 16 and 17 demonstrate the wear patterns that exist in the RSM process 
when utilizing HSS and solid carbide cutting tool materials. The primary tool wear 
mechanism and dominant failure mode can be identified through visual analysis of the 
utilized cutting tools. Observing these figures shows that abrasive wear is the primary 
tool wear mechanism present in the RSM process, and flank wear is the dominant failure 
mode.  
This conclusion is based on the substantial amount of experienced wear which 
occurred on the flank edge off the cutting tool. Wear was also experienced on the rake 
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face of the tool; however, the most significant portion of observable tool wear occurred 
on the flank edge. Abrasive wear can be identified as the primary tool wear mechanism 
because the cutting tool’s flank edge exposed to the workpiece has become dull, and the 
tool diameter has been reduced as a result of the abrasive nature of the workpiece 
material. This effect can be more easily identified in figure 16 as HSS experienced a 
significantly greater loss of the cutting edge and reduction in tool diameter. It can also be 
noted that almost no cratering or chipping of the tool’s cutting edge was observed during 
this study’s experimental trials.      
Tool Wear 
 
Figure 18. The tool wear plot for the variable feed rate experimental series utilizing 
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Figure 19. The tool wear plot for the variable feed rate experimental series utilizing 
uncoated carbide as the cutting tool.  
 
 The tool wear plots given in figures 18 and 19 show the results of the variable 
feed rate experimental series. Figure 18 shows that each of the three HSS cutting tools 
exceeded the flank wear limit in less than one minute of machining time. In comparison, 
none of the three carbide cutting tools had reached the flank wear limit after the trial was 
completed with a minimum machining time of sixty minutes. Additional end milling 
passes are required to determine the tool life of the uncoated carbide samples using the 
established cutting conditions.  
 The above tool wear plots demonstrate the impact of variable feed rate on 
experienced tool wear results. The tool wear curves appear to be linear in nature, which 
allows the length of tool life to be predicted for the cutting tools that did not reach the 
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established feed rate for the trial. Increasing the feed rate utilized during the trial resulted 
in an increased rate of tool wear and decreased tool life for the sample cutting tool. This 
result can be anticipated because greater cutting forces are expected to be present during 
machining operations when the feed rate is increased, thus increasing the MRR.  
 
 
Figure 20. The tool wear plot for the variable cutting speed experimental series utilizing 
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Figure 21. The tool wear plot for the variable cutting speed experimental series utilizing 
uncoated carbide as the cutting tool. 
 
 The results of the variable cutting speed experimental series can be seen in figures 
20 and 21. These figures show that each of the three HSS cutting tools exceeded the flank 
wear limit in less than one minute of machining time. None of the three carbide cutting 
tools exceeded the flank wear limit after sixty minutes of machining time under the given 
cutting conditions. Additional end milling passes are required to determine the tool life of 
the uncoated carbide samples. These observations mirror those from the variable feed rate 
series and provide an indication of the behavior of these two materials when used as a 
cutting tool in sand milling.  
 The above tool wear plots demonstrate how variable cutting speed impacts 
observed tool wear results. The tool wear curves exhibit a linear relationship similar to 

















Tool Machining Time (min)
Carbide Variable Cutting Speed Tool Wear Plot
850 SFM 1275 SFM 2550 SFM
Tool Flank Wear Limit 
0.0118 in (0.3 mm) 
52 
predicted for these carbide cutting tool samples as well. Increasing the cutting speed 
utilized for the trial resulted in an increased rate of tool wear and decreased tool life for 
the cutting tool sample. This is an expected result because a greater amount of friction, 
and therefore abrasive wear should be present during machining operations when the 
cutting speed is increased.     
 
Table 6. Tabulation of the tool life values gathered from the uncoated HSS variable feed 
rate tool wear plot. Cutting speed was held constant at 1700 SFM for this experimental 
series.   





Table 7. Tabulation of the extrapolated tool life values gathered from the uncoated 
carbide variable feed rate tool wear plot.   
Feed Rate (in/min) Regression Equation R2 value Tool Life (min) 
150 𝑦𝑦 = 8𝐸𝐸 − 5𝑥𝑥 + 0.001 0.969 135.67 
225 𝑦𝑦 = 0.0001𝑥𝑥 + 0.0006 0.989 100.39 
300 𝑦𝑦 = 0.0001𝑥𝑥 + 0.0003 0.991 82.37 
 
 Tables 6 and 7 show the tool life values for the variable feed rate experimental 
series which were gathered from the tool wear plots. The HSS values were able to be 
directly observed, while the carbide values needed to be collected through extrapolation. 
The linear regression equations presented in table 7 were obtained from the uncoated 
carbide variable feed rate tool wear plot shown in figure 19. The linear regression 
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equations were used to determine the machining time required to reach the flank wear 
limit at each observed feed rate. These values were not able to be collected during the 
experimental trials because the cutting tool samples did not reach the flank wear limit. 
The tool life values shown in the table were derived from these linear regression 
equations.  
As mentioned earlier, it can be observed from the carbide tool life values that 
increasing the feed rate during the trial resulted in a decrease in tool life. However, this 
same observation cannot be made with the HSS tool life values because the tool life does 
not descend as the feed rate increases in the same manner as the carbide dataset. This 
most likely occurs as a result of the high wear rate of HSS under the selected cutting 
conditions which leads to tool life values that are less than one minute. 
 
Table 8. Tabulation of the tool life values gathered from the uncoated HSS variable 
cutting speed tool wear plot. Feed rate was held constant at 300 in/min for this 
experimental series.    





Table 9. Tabulation of the extrapolated tool life values gathered from the uncoated 
carbide variable cutting speed tool wear plot. 
Cutting Speed (SFM) Regression Equation R2 value Tool Life (min) 
850 𝑦𝑦 = 0.00009𝑥𝑥 + 0.0008 0.943 119.20 
1275 𝑦𝑦 = 0.00009𝑥𝑥 + 0.0004 0.971 122.69 
2550 𝑦𝑦 = 0.0001𝑥𝑥 + 0.0005 0.978 83.14 
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 Tables 8 and 9 show the tool life values for the variable cutting speed 
experimental series gathered from the above tool wear plots. The carbide tool life values 
needed to be extrapolated in order to be collected as they were during the feed rate series; 
the HSS values could once again be collected directly from the tool wear plot curves. The 
linear regression equations presented in table 9 were obtained from the uncoated carbide 
variable cutting speed tool wear plot shown in figure 21. The linear regression equations 
were used to determine the machining time required to reach the flank wear limit at each 
observed cutting speed. These values were not able to be collected during the 
experimental trials because the cutting tool samples did not reach the flank wear limit. 
The tool life values shown in the table were derived from these linear regression 
equations.  
These tool life values further demonstrate that increasing the cutting speed of the 
trial resulted in a decrease in tool life. It should be noted that the tool wear plots and tool 
life tables indicate cutting tool material selection had the most significant impact on the 
collected tool wear and tool life results. As an example, the HSS cutting tool possessed a 
tool life of 0.46 minutes at a cutting speed of 850 SFM during the cutting speed series 
while the carbide cutting tool possessed a tool life of 119.20 minutes under the same set 
of cutting conditions. The HSS cutting tool reached its end of life in approximately 







Figure 22. The tool life curve for the variable cutting speed experimental series utilizing 
uncoated HSS as the cutting tool. 
 
 Figure 22 shows the cutting speed tool life curve for uncoated HSS. This plot 
possesses a negative linear correlation between cutting speed and tool life on a log-log 
scale, and demonstrates that tool life increases as the utilized cutting speed decreases. 
This plot also resembles an expected Taylor tool life curve as previously presented during 
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Figure 23. The tool life curve for the variable cutting speed experimental series utilizing 
uncoated carbide as the cutting tool. 
 
 Figure 23 shows the cutting speed tool life curve for uncoated carbide. This plot 
also possesses a negative linear correlation between cutting speed and tool life. However, 
it does not resemble an expected Taylor tool life curve nearly as well. This is due to the 
fact that longer tool life was experienced at 1275 SFM than 850 SFM, which results in an 
irregularity in the tool life curve. This irregularity in the tool life curve could be caused 
by the extrapolation method used to determine the three tool life values. Additional tool 
wear testing is required to determine the actual tool life values of this experimental series. 
This would determine whether or not the extrapolation method is the cause of the 
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57 
Table 10. Tabulation of the calculated variable cutting speed Taylor tool life equation 
parameters. 
Cutting Tool Material Type Taylor Tool Life Equation Parameters 
 n C 
HSS 1.59 247.73 
Carbide 3.06 1,897,086,555 
 
𝑣𝑣𝑇𝑇1.59 = 247.73                           (3)   
𝑣𝑣𝑇𝑇3.06 = 1,897,086,555               (4) 
 Table 10 shows the Taylor tool life equation values for the n and C parameters of 
the relationship. The tool life values shown in tables 8 and 9 were used to calculate the 
parameter values for both cutting tool material types used in the variable cutting speed 
experimental series. These parameter values were then applied to develop a Taylor tool 





Figure 24. The tool life curve for the variable feed rate experimental series utilizing 
uncoated HSS as the cutting tool. 
  
 Figure 24 shows the feed rate tool life curve for uncoated HSS. This plot shows 
an abnormal tool life curve that does not closely resemble a typical Taylor tool life curve. 
This occurred because tool life did not uniformly descend as feed rate increased during 
the experimental series under the selected cutting conditions. As stated previously during 
the tool wear section, this most likely occurred because of the high tool wear rate 
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Figure 25. The tool life curve for the variable feed rate experimental series utilizing 
uncoated carbide as the cutting tool. 
 
Table 11. The calculated regression equations for the variable feed rate tool life curves.      
Cutting Tool Material Type Tool Life Curve Regression Equation R2 value 
HSS 𝑦𝑦 = 178.93𝑥𝑥−0.395 0.0095 
Carbide 𝑦𝑦 = 134718𝑥𝑥−1.386 0.9996 
 
 Figure 25 shows the feed rate tool life curve for uncoated carbide. This plot 
possesses a strong negative linear correlation between feed rate and tool life on a log-log 
scale, and demonstrates that tool life increases as the utilized feed rate decreases. This 
plot possesses a high r2 value, and effectively resembles a Taylor tool life curve. Values 
were not able to be calculated for the n and C parameters of the Taylor tool life equation 
for the feed rate experimental series. This is because the relationship is not set up to 














Carbide Variable Feed Rate Tool Life Curve
60 
variable which affects tool life, and feed rate is considered to be a constant variable 
during the experiment so it is not included in the relationship.  
The slopes of the four presented tool life curves can be compared by observing 
tables 10 and 11. These tables show that the respective slope coefficients of the HSS tool 
life curves were 1.59 and 0.395 for cutting speed and feed rate. The respective slope 
coefficients of the carbide tool life curves were 3.06 and 1.386 for cutting speed and feed 
rate. Comparing these coefficients demonstrates that the cutting speed tool life curves 
have a greater slope magnitude than the feed rate tool life curves for both cutting tool 
materials. This observation indicates that cutting speed has a greater influence on tool life 
than feed rate, and increasing the cutting speed will result in a greater reduction in tool 
life than increasing feed rate.          
Tooling Cost Analysis 
 
Figure 26. The tooling cost analysis bar chart for the variable feed rate experimental 






















The feed rate tooling cost analysis bar chart comparing HSS and carbide is shown 
in figure 26. The cost/ft3 removed values in this chart as well as figure 27 were developed 
using several factors such as tooling cost, overhead cost, tool wear (in)/ft3 removed, and 
MRR. Observing figure 26 shows that a substantial difference in cost exists between the 
two cutting tool material types. This difference in cost can be associated with the high 
rate of tool wear of HSS that was presented during the tool wear section.  
The HSS costs were $511, $420, and $331 at the respective feed rate values of 
150, 225, and 300 in/min. The carbide costs were $204, $181, and $171 using the same 
feed rate values. These cost values also demonstrate that increasing the utilized feed rate 
resulted in a decrease in cost. Increasing the feed rate, and thus the MRR results in 
greater productivity. This benefit offsets the negative impact experienced with an 
increased rate of tool wear when the utilized feed rate is increased.     
 
 
Figure 27. The tooling cost analysis bar chart for the variable cutting speed experimental 























 The cutting speed tooling cost analysis bar chart comparing HSS and carbide is 
shown in figure 27. This figure also shows that a significant difference in cost exists 
between the two cutting tool material types. This difference can once again be associated 
with the high rate of tool wear experienced with HSS tooling. The HSS costs were $267, 
$450, and $615 at the respective cutting speed values of 850, 1275, and 2550 SFM. The 
carbide costs were $118, $116, and $162 using the same cutting speed values. These 
values show that it is considerably less expensive to use carbide as a cutting tool than 
HSS on the basis of cost/ft3 removed. This is despite the fact that the initial tooling cost 
of carbide was $220, and the initial tooling cost of HSS was $61. This makes carbide 
$159 more expensive to purchase per tool used.  
These cost values additionally demonstrate that increasing the utilized cutting 
speed resulted in an increase in cost. This is because an increased rate of tool wear is 
experienced when the utilized cutting speed increases. Unlike the feed rate experimental 
series, the MRR did not change during the cutting speed experimental series. This means 
that the benefit of increased productivity was not present when the cutting speed 
increased, and the negative impact of an increased rate of tool wear was not able to be 
offset in the same manner as the feed rate experimental series.  
The tool life values presented in tables 7 and 9, and the tooling cost analysis bar 
charts shown in figures 26 and 27 can be used to determine the recommended selection of 
cutting condition parameter values for the optimization of tool life and tooling cost. The 
mentioned tables and figures show that the longest tool life and lowest tooling cost was 
experienced at the 1275 SFM cutting speed. The shortest tool life was experienced at the 
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300 in/min feed rate; however, this feed rate also yielded the lowest tooling cost of the 
three chosen feed rate values. These observations indicate that the optimal cutting 
condition parameter values of cutting speed and feed rate are 1275 SFM and 300 in/min. 
This conclusion is based on only the feed rate and cutting speed values utilized during the 
experimental series in this study.           
Linear Regression 
Table 12. The model parameters for the nine developed tooling cost analysis linear 
regression models. 
Model # Linear Regression Model # of 
variables 
R2 value p-value 
1 Feed Rate-HSS 1 0.999 0.0059 
2 Feed Rate-Carbide 1 0.955 0.137 
3 Feed Rate-HSS & Carbide 2 0.946 0.013 
4 Cutting Speed-HSS 1 0.906 0.198 
5 Cutting Speed-Carbide 1 0.921 0.181 
6 Cutting Speed-HSS & Carbide 2 0.877 0.043 
7 Feed Rate & Cutting Speed-HSS 2 0.713 0.153 
8 Feed Rate & Cutting Speed-
Carbide 
2 0.829 0.071 
9 Feed Rate & Cutting Speed-HSS 
& Carbide 







Table 13. The nine developed tooling cost analysis linear regression models. 
Linear Regression Models 
1) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = −1.196(𝑓𝑓𝑟𝑟𝑟𝑟𝑊𝑊 𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟) + 689.692 
2) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = −0.216(𝑓𝑓𝑟𝑟𝑟𝑟𝑊𝑊 𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟) + 233.923 
3) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = −0.706(𝑓𝑓𝑟𝑟𝑟𝑟𝑊𝑊 𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟)– 235.313(𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡 𝐶𝐶𝑦𝑦𝑡𝑡𝑟𝑟) + 579.464 
4) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = 0.1870(𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) + 152.533 
5) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = 0.028(𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) + 88.127 
6) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = 0.108(𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊)– 311.977(𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡 𝐶𝐶𝑦𝑦𝑡𝑡𝑟𝑟) + 276.318 
7) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = −0.407(𝑓𝑓𝑟𝑟𝑟𝑟𝑊𝑊 𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟) + 0.176(𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) + 251.778 
8) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = −0.402(𝑓𝑓𝑟𝑟𝑟𝑟𝑊𝑊 𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟) + 0.031(𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) + 214.183 
9) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊 = −0.405(𝑓𝑓𝑟𝑟𝑟𝑟𝑊𝑊 𝑟𝑟𝑟𝑟𝐶𝐶𝑟𝑟) + 0.104(𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) 
– 273.645(𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡 𝐶𝐶𝑦𝑦𝑡𝑡𝑟𝑟) + 369.803 
 
 Tables 12 and 13 show the nine linear regression models developed based on the 
data presented in the tooling cost analysis bar charts. Models 1, 6, 8, and 9 were 
considered to be statistically significant based on an alpha (α) value of 0.10. Model 9 was 
selected as it was determined to be the best-fitting regression model. This model 
possessed the highest r2 value and the lowest p-value. This model was also chosen 
because it is the full model containing all three factors considered during the 





Table 14. The three factors present in regression model 9 along with the associated p-
values and statistical significance.     
Factor p-value Statistical Significance 
Feed Rate 0.292 No 
Cutting Speed 0.032 Yes 
Cutting Tool Material Type 0.0002 Yes 
 
A few observations can be made by interpreting the slope coefficients in model 9. 
The cost/ft3 removed decreases by $0.40 for each increase in feed rate of 1 in/min, 
increases by $0.10 for each increase in cutting speed of 1 SFM, and decreases by $273.65 
with the use of carbide as the cutting tool material type instead of HSS. Table 14 
additionally shows that cutting tool material type and cutting speed were considered to be 
statistically significant factors based on an α value of 0.10; feed rate was not considered 
to be significant. However, it is possible that feed rate may have also been considered 
statistically significant under a larger sample size. These p-values further indicate that 




Table 15. The three developed tooling cost analysis ANCOVA models.  




Model I: Separate 
Carbide Group Variable 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊
= 214.183 − 0.402(𝐹𝐹𝑟𝑟𝑟𝑟𝑊𝑊 𝑀𝑀𝑟𝑟𝐶𝐶𝑟𝑟)
+ 0.031(𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝑆𝑆𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) 
HSS Group Variable 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊
= 251.778 − 0.407(𝐹𝐹𝑟𝑟𝑟𝑟𝑊𝑊 𝑀𝑀𝑟𝑟𝐶𝐶𝑟𝑟)




Model II: Parallel 
Regression Model 1 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊
= 369.803 − 0.405(𝐹𝐹𝑟𝑟𝑟𝑟𝑊𝑊 𝑀𝑀𝑟𝑟𝐶𝐶𝑟𝑟)
+ 0.104(𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝑆𝑆𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) 
Regression Model 2 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊
= 96.158 − 0.405(𝐹𝐹𝑟𝑟𝑟𝑟𝑊𝑊 𝑀𝑀𝑟𝑟𝐶𝐶𝑟𝑟)
+ 0.104(𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝑆𝑆𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) 
 
Model III: Common 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑓𝑓𝐶𝐶3 𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝑣𝑣𝑟𝑟𝑊𝑊
= 232.980 − 0.405(𝐹𝐹𝑟𝑟𝑟𝑟𝑊𝑊 𝑀𝑀𝑟𝑟𝐶𝐶𝑟𝑟)
+ 0.104(𝐶𝐶𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 𝑆𝑆𝑡𝑡𝑟𝑟𝑟𝑟𝑊𝑊) 
 
 Table 15 shows the three linear regression ANCOVA models developed based on 
the data presented in the tooling cost analysis bar charts. An F-statistic test was used to 
complete the model selection procedure and determine which ANCOVA model is 
preferred. The parallel model was selected because the results of the F-statistic test 
showed that it was preferred as the best-fitting model for the dataset. It can also be seen 
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by observing table 15 that the parallel model is actually the same as linear regression 
model 9 presented in table 13. The preference of the parallel model indicates that the 
categorical variable has a significant impact on the observed outcome of the dependent 
variable. This demonstrates that cutting tool material type has a strong influence on 




CONCLUSION AND RECOMMENDATIONS 
Conclusion 
 Analyzing the results of this study allowed the primary tool wear mechanism and 
dominant failure mode present in the RSM process to be identified. Abrasive wear was 
established as the primary tool wear mechanism, and flank wear was found to be the 
dominant failure mode in the milling process. This can additionally be characterized by 
stating that the most significant amount of tool wear occurs in the form of abrasive wear 
on the flank edge of the milling cutting tool.  
 The observed amount of tool wear was found to increase as the cutting condition 
parameter values of feed rate and cutting speed increased. Increases in the amount of tool 
wear translated in an expected manner to shorter experienced tool life values. Data 
analysis showed that cutting speed was the cutting condition parameter with the greatest 
contribution to tool wear and the most negative impact on tooling cost. Cutting speed was 
determined to be a statistically significant factor in the tooling cost analysis linear 
regression model, while feed rate was not considered a significant factor.  
Cutting tool material selection was found to have the greatest impact on tool life 
and tooling cost of all the factors observed in the study. HSS was determined to be an 
unsuitable cutting tool material for use in the RSM process because it was unable to 
withstand the abrasiveness of the chemically bonded sand workpiece material. Carbide 
proved to be a much more desirable cutting tool material for sand milling. Carbide 
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possessed a significantly longer tool life than HSS due to its characteristics of high 
hardness and good wear resistance. 
Future Recommendations 
 The results of the HSS experimental series showed that the cutting tools reached 
the flank wear limit in less than one minute of machining time, thus making it an 
unsuitable cutting tool material. It is recommended that future experiments including 
HSS should be performed with different cutting condition parameter values. This is in an 
effort to reduce the MRR and decelerate the rate of tool wear to better characterize HSS 
as a cutting tool material. In contrast, the carbide experimental series showed that the 
cutting tools had not yet reached the flank wear limit after sixty minutes of machining 
time. Additional testing is required to reach the flank wear limit and establish tool life 
values to complete the carbide dataset.   
 Variable feed rate experimental series tool life results are unable to be applied to 
the Taylor tool life equation. This is due to the nature of the relationship and the 
requirement of variable cutting speed. Future experiments can examine the effect of 
variable feed rate on tool life; however, the tool life values cannot be utilized to assign 
values for the n and C parameters of the relationship. It is also recommended that 
additional experiments should be completed to expand upon the research completed in 
this study. This requires investigation in several areas such as: 
1. Additional cutting tool materials and designs to further optimize the tooling cost 
of the RSM process.  
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2. Additional sand aggregate types and resin systems to quantify the tool life 
associated with other sand workpiece materials.  
3. Horizontal machining in PUNB sand to develop a tool life comparison between 
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